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Resumo

O metabolismo de um farmaco é um fator muito importante para a variagcao da sua concentracéao
fisiologica e pode determinar ou modificar a sua atividade farmacolégica ou téxica (lyanagi, T.,
Int. Rev. Cytol., 2007, 260). Compreender os processos a que um farmaco esta sujeito num
organism vivo é, portanto, crucial para estudar e analisar a agdo de um farmaco ou dos seus
metabolitos como sublinhou Caldwell, J. et al, Toxicol. Pathol., 1995, 23 (2). Os metabolitos
tém sido identificados por diversas técnicas mas, ultimamente, a espectroscopia de mobilidade
i6nica (lon-Mobility Mass Spectrometry — IM-MS) tem vindo a revelar-se uma técnica muito pop-
ular para a identificagdo de metabolitos de pequena dimensao, devido a sua elevada eficiéncia
na analise de amostras de reduzida massa.

A associacao desta técnica a metodologias computacionais de calculo das sec¢des de choque
de colisées (collisional cross sections — CCS) tem-se revelado bastante promissora na pre-
visdo da estrutura de compostos. Contudo, apesar de nos ultimos anos se ter observado
um importante desenvolvimentos na correspondente componente experimental, a evolugao das
metodologias tedricas tem sido mais lenta. Recentemente, Reading, E. et al, Anal. Chem.,
2016, 88 (4), desenvolveu um protocolo metodoldgico para célculo de secgdes de choque de
colisbes. A primeira parte deste trabalho aborda a eficiéncia do protocolo proposto, assim como
o seu ambito de aplicacao. Foi também colocada uma atencao especial na reprodutibilidade dos
resultados publicados e nas estratégias para melhorar a concordancia entre varios conjuntos de
resultados tedricos, e entre novos célculos e resultados experimentais.

A segunda parte da Tese debruca-se sobre o estudo de mecanismos de fragmentacao que
ocorrem nos ensaios de Espectroscopia de Massa (Mass Spectroscopy — MS). A lonizacao
por Electrospray (Electro Spray lonisation — ESI), a Espectrometria de Massa Tandem (Tan-
dem MS) e Dissociagao induzida por colisdo (Collision Induced Dissociation — CID) constituem
ponderosas metodologias experimentais, capazes de proporcionar uma compreensao mais sol-
ida do processo de colisdo e dos produtos resultantes (Molina, E. R. et al, J. Mass Spectrom.,
2015, 50). A abordagem computacional desenvolvida por Hase, W. L. et al, Quantum Chem.
Progr. Exch. Bull.,, 1996, 16, and Hase, W. L. et al, J. Phys. Chem., 1996, 100(20), € usada
para correr simulacdes por Dinamica de Colisées ( Collision Dynamics Simulations — CDS) de
modo a obter trajetérias de reaccdo. Estas sao posteriormemnte utilizadas na analise de frag-
mentacao que permite prever teoricamente a estrutura dos fragmentos, possiveis caminhos de
reaccado e espectros de massa.
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Resumen

El metabolismo del farmaco es un factor determinante esencial para los cambios en la concen-
tracién fisiologica del farmaco y puede determinar o modificar su camino toxicoldégico o farma-
colégico (lyanagi, T., Int. Rev. Cytol., 2007, 260). La comprension de los procesos, que intere-
san un medicamento en un organismo vivo, es por lo tanto crucial para estudiar y analizar la
accion del farmaco o sus metabolitos, segun lo reportado por Caldwell, J. et al, Toxicol. Pathol.,
1995, vol. 23, no. 2. Los metabolitos de los medicamentos se identifican normalmente mediante
diversas técnicas, pero ultimamente, la espectrometria de masas de movilidad iénica (IM-MS)
se ha convertido en una herramienta muy popular para la identificacion estructural de molécu-
las pequenas (como son los metabolitos de los medicamentos) debido a su alta eficiencia y al
requerir baja cantidad de muestra.

La combinacién de esta técnica con un enfoque computacional ha demostrado entregar predic-
ciones confiables de identificacidn de los compuestos investigados al comparar las secciones
transversales de colisién (CCS) experimentales y calculadas. Sin embargo, a pesar de los de-
sarrollos valiosos del campo experimental correspondiente en los Ultimos afos, la contraparte
tedrica ha visto una mejora bastante lenta. Recientemente, Reading, E. et al, Anal. Chem.,
2016, 88 (4), han desarrollado un protocolo computacional para calculos de seccidn transver-
sal colisional. La primera parte de este trabajo aborda el tema de la eficiencia del protocolo
propuesto junto con su aplicabilidad a gran escala. Ademas, se ha prestado especial atencidon
a la reproducibilidad de los resultados publicados y también a las posibles formas de mejorar
el acuerdo dentro de diferentes conjuntos de resultados tedricos, asi como entre los valores
calculados recientemente y los valores experimentales.

La segunda parte de este manuscrito se centra en el estudio de los mecanismos de frag-
mentacion que se producen durante las mediciones de espectrometria de masas (MS). Electro
Spray lonisation (ESI) junto con Tandem MS y Collision Induced Dissociation (CID) construyen
un poderoso enfoque experimental, capaz de entregar una comprensién mas profunda de un
proceso de colisidén y sus productos (Molina, ER et al, J. Mass Spectrom., 2015, 50). Esto es
factible debido a la extensa fragmentacion que tiene lugar en los iones activados (metabolitos).
Un enfoque computacional correspondiente desarrollado por Hase, W. L. et al, Quantum Chem.
Progr. Exch. Bull., 1996, 16, y Hase, W. L. et al, J. Phys. Chem., 1996, 100.20, se utiliza para
ejecutar simulaciones de dinamica de colision (CDS) para obtener trayectorias reactivas. Estas
trayectorias también se utilizan para el andlisis de fragmentacion que proporciona informacién
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sobre la informacidn estructural de los fragmentos y los posibles caminos de reaccién y también
permite construir un espectro teérico de MS.
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Abstract

Drug metabolism is a pivotal determining factor for the changes in physiological drug concentra-
tion and can determine or modify its toxicological or pharmacological pathway (lyanagi, T., Int.
Rev. Cytol., 2007, 260). Understanding of processes, involving a drug in a living organism, is
therefore crucial to study and analyse the action of the drug or its metabolites, as reported by
Caldwell, J. et al, Toxicol. Pathol., 1995, vol. 23, no. 2. Drug metabolites are typically identi-
fied using various techniques, but lately, lon-Mobility Mass Spectrometry (IM-MS) has become a
widely popular tool for small molecule (which are drug metabolites) structural identification due
to its high efficiency and a low amount requirement for samples.

A combination of this technique along with a computational approach has proved to deliver re-
liable identification predictions of investigated compounds by comparing experimental and cal-
culated collisional cross sections (CCS) of structures. However, even though a corresponding
experimental field has made some valuable developments over the last couple of years, its the-
oretical counterpart has seen a rather slow improvement. Recently, Reading, E. et al, Anal.
Chem., 2016, 88 (4), have developed a computational protocol for collisional cross section cal-
culations. The first part of this work addresses the issue of efficiency of the proposed protocol
along with its large-scale applicability. Additionally, special attention has been paid to the re-
producibility of the published results and also to the possible ways of improving the agreement
within different sets of theoretical results as well as between newly calculated and experimental
values.

The second part of this manuscript focuses on studying fragmentation mechanisms that occur
during Mass Spectrometry (MS) measurements. Electro Spray lonisation (ESI) along with Tan-
dem MS and Collision Induced Dissociation (CID) build up a powerful experimental approach,
able to deliver a deeper understanding of a collision process and its products (Molina, E. R. et
al, J. Mass Spectrom., 2015, 50). It is feasible due to extensive fragmentation that takes place in
activated ions (metabolites). A corresponding computational approach developed by Hase, W.
L. et al, Quantum Chem. Progr. Exch. Bull., 1996, 16, and Hase, W. L. et al, J. Phys. Chem.,
1996, 100.20, is used to run Collision Dynamics Simulations (CDS) to obtain reactive trajecto-
ries. These trajectories are further utilised for fragmentation analysis that gives insights about
structural information of the fragments and possible reaction pathways and also allows to build a
theoretical MS spectrum.
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Motivation

In the pharmaceutical industry, it is important to understand the absorption, distribution,
metabolism and excretion properties of a drug in order to assess its pharmacology and safety.
Drug metabolism is a major determinant for the changes in physiological drug concentration and
can determine or alter its pharmacological or toxicological pathway [1]. It is therefore imperative
to ascertain what happens to a drug in a living organism with a view of relating this to the action
of the drug or its metabolites [2]. Drug metabolites are typically identified using a combination
of techniques, but primarily the identification process starts with Ultra Performance Liquid Chro-
matography (UPLC). It is used to separate drug metabolites from endogenous species present
in biological matrices. This permits more accurate Collisional Cross Sections (CCS) determi-
nation. After this, one of the following three techniques is used for further identification: High
Resolution Mass Spectrometry (MS), Tandem MS and Nuclear Magnetic Resonance (NMR) [3,
4, 5]. Although MS can provide many structural clues to metabolites identity, it is generally not
definitive, and only determines a mass of a sample or its parts but cannot distinguish between
different isomers. This can be problematic when the exact structure of the metabolite is required
to make an assessment of metabolite pharmacological activity or potential reactivity. In such
cases robust metabolite isolation and subsequent NMR, both of which are time-consuming, are
typically employed to generate unambiguous structural information. In addition to this, NMR is
expensive and requires a lot of sample material [6, 7].

Collaborations between GlaxoSmithKline (GSK) and Waters MS Technologies Group have
demonstrated the ability to differentiate between isomers of a drug based on their CCS using
lon Mobility Spectrometry - Mass Spectrometry (IMS-MS) and in silico modelling [8]. IMS-MS
is a technique that allows separation of isomeric species based on differences in their CCS in
the gas phase, thus providing specific information on the potential structure of a compound [9].
In combination with Molecular Modelling (MM), see Figure it is considered as a potential
tool for small molecule identification by measuring their gas-phase CCS and comparing them to
theoretical CCS, derived using in silico approaches [8,/10]. Compared to NMR, IMS-MS requires
less sample volumes, ultimately leading to reduced animal numbers in pre-clinical studies and
the analysis of samples from lower dosed clinical trials. However, it requires high quality in silico
methods to predict virtual CCS needed to elucidate the ones obtained experimentally.

A protocol for theoretical determination of CCS has been previously developed and intro-
duced [11]. Consequently, a main focus of the project was refinement of the current workflow
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Figure 0.1 — A new approach towards drug metabolite structural isomer identification utilising IM-MS spectrometry. The method requires less
time and sample material, while providing means to obtain unambiguous structural information. Experiments provide compound’s m/z ratio and
drift time to be later used in an empirical formula for CCS derivation.

and search of alternative methods for the improvement of a CCS calculation routine with the aim
of reducing an error associated with its in silico prediction. Additionally, an existing version of the
protocol suffered from being extensively time demanding, requiring human interaction at every
step of its execution. Therefore, an automated alternative was desirable in order to provide an
efficient means for large-scale modelling.

Having planned possible ways of improving the theoretical CCS calculation workflow, a
closer look at other data available from experiments, particularly that of MS spectra from Collision-
Induced Dynamics (CID), was of interest. Collision Dynamics Simulations (CDS) are capable of
modelling CID processes by calculating an ensemble of trajectories, for which an ion of inter-
est is colliding with buffer gas with given relative translational energy. Such simulations could
potentially help to gain useful insights into the collision process by analysing obtained reactive
trajectories, occurring within simulated fragmentation pathways [12].
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1. Introduction

The project links various theoretical and experimental techniques, namely, IMS-MS, MM
and, at a latter stage, Collision Induced Dissociation (CID). They formed a basis around which
the project had been developing throughout its course along with additional resources (statistical
software, open MS databases, etc.). While experimental data was mainly provided by a GSK
Global Spectroscopy Department, theoretical values were obtained by running calculations on
site.

1.1  Drug Metabolites Identification Techniques

Three approaches are normally available for drug metabolites identification, performed after
UPLC: High Resolution MS (Figure[1.1a), Tandem MS (Figure[1.1b) and NMR (Figure[1.1c). Al-
though MS can provide many structural clues to metabolites identity, it is generally not definitive,
and only determines a mass of a sample but cannot distinguish among different isomers. In the
case of Tandem MS, even though the technique allows to split a metabolite into parts and allo-
cate the protonated part (as can be seen on Figure[1.1b), it is still not able to determine structural
isomers. This can be problematic when the exact structure of the metabolite is required to make
an assessment of metabolite pharmacological activity or potential reactivity. In such cases ro-
bust metabolite isolation and subsequent NMR, both of which are time-consuming, are typically
employed to generate unambiguous structural information. In addition to this, NMR is expensive
and requires a lot of sample material. Therefore, an alternative approach is desirable.

1.2 lon-Mobility Spectrometry - Mass Spectrometry (IMS-MS)

IMS-MS is an analytical technique that offers potential for small molecule structural isomer
identification by measuring their gas-phase collisional cross sections. It is being used for vari-
ous purposes from studying properties of a particle in macromolecules, biomolecules, polymers,
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Figure 1.1 — Main drug metabolites identification techniques available on market.

etc. to detection of chemical warfare agents [13, 14], relying on the instrument’s ion transmis-
sion ability and its separation capacity. Successful application of this approach could go beyond
MS and can represent, in some cases, an alternative to NMR and reduce time and amount of
sample required and so, reducing the animal use in research. Further development of this tech-
nique may provide an additional tool for structure elucidation to complement and/or supplement
existing approaches. In favourable instances, this tool may enable the characterisation of drug
metabolites without the need for metabolite synthesis or NMR structural assignment at all, or, at
the very least, provide supportive data. It may benefit other areas of pharmaceutical structural
characterisation as well.

1.2.1  Working principle

Integrating MS with IMS provides an extra dimension to unambiguous sample identification,
yielding a three-dimensional spectrum (mass-to-charge ratio, intensity and drift time; see Figure
[1.2). Structural features of an investigated ion are determined by measuring its arrival time
distribution and mass-to-charge ratio after travelling through a background buffer gas (typically
He or N;) under the influence of a weak electric field. This separation technique allows to reduce
a spectral overlap providing resolution of heterogeneous complexes with very similar masses, or
mass-to-charge ratios, but different drift times. The latter ones provide an important layer of
structural information — a CCS value, that can be calculated using a calibration curve generated
from calibrant proteins with defined cross sections and is related to an overall shape and topology
of the ion.

The identification process utilises an exponential correlation of the form, [16]:

Q~ (1.2.1)
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Figure 1.2 — Schematic IM-MS output spectra (via |15]). Results, produced by a combination of IM with MS, form a three-dimensional set of data,
in which every feature, observed in m/z, has an associated arrival time distribution. Using this data, a CCS of a compound may be determined
following steps described in this section. This information is particularly helpful for heterogeneous complexes, which populate multiple forms at
equilibrium, as can be seen on the figure, and for which standard approaches would typically provide an ensemble average.

where tp is measured experimental drift time and X is a constant obtained from a calibration
curve. The procedure of producing the latter one is performed in the following sequence and is
thoroughly described in [17] (for a Travelling Wave (TW) regime; more on different regimes in

Subsection|1.2.4):

1. Calibrate drift time measurements by using a test set of compounds with known values of
CCS. To do this, IMS-MS data is acquired for each test structure under exactly the same
instrument conditions, that will be used for a target compound. Pressure and voltages must
be kept identical to save the IMS separation settings. This provides experimental drift time
values tp for the test set.

2. Adjust each of the calibrant’s experimental drift time ¢, using an empirical formula:

m
C —
o=ty — = (1.2.2)
D= 000 =

where m/z is a mass-to-charge ratio for a given ion and c is an Enhanced Duty Cycle (EDC)
delay coefficient [16], which is instrument-dependent.

3. Find corresponding CCS values for the test set in literature and/or in open databases and
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apply a correction:
Qo= —— (1.2.3)

where )¢ is the corrected CCS, m is a molecular weight of an ion and M is a molecular
weight of the buffer gas.

4. Make a plot Intp against In 2, which can be approximated as an equation of the form:
InQc = XInty, + A, (1.2.4)

where X and A are obtained by fitting the plot to a linear relationship. X corresponds to
the exponential constant from Equation (1.2.1)), while A will be used at a later stage.

5. Check if a fit correlation coefficient r* is greater than 0.95:

R ¥ O VR
V(= 7)*(y — 7)?
If the obtained value is not satisfying — repeat the measurements changing experimental
samples and/or conditions until an appropriate value of 2 is produced.

(1.2.5)

6. Readjust the calibrant drift time by making use of a newly calculated coefficient X:

[1 1
=X — 4+ — 1.2.6
D = 2tp m+MG ( )

As an additional validation step, plot €2« vs t7, and recalculate the fit correlation coefficient
using Equation (1.2.5). Similarly to Step[5} if 7> < 0.95, one must rerun the measuring part.

7. Next, run measurements on target compounds. Correct measured ¢, values using Equa-
tion (1.2.2), as it was done for the test set in Step[2

8. Using Equation (1.2.6) and the value of the constant X, calculate the final value of the drift
time t//, for each of the target ions.

9. Finally, an experimental CCS value may be calculated as follows (A was obtained in Step

4):
Qemp = At/l/) (1 27)

Measurements for each target complex are run at least three times, after which a final value of
CCS is calculated. This value is further compared to a corresponding theoretical result.
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1.2.2 Experimental Setup

Two experimental setups are commercially available and are widely used for ion identification
studies with IMS-MS: a Synapt G2 HDMS [18] and a modified Synapt G1 HDMS (both designed
by Waters, Manchester, the UK). The Synapt G2 HDMS, shown on Figure is an IMS-MS
instrument equipped with an Electro Spray lonization (ESI) source, marked as INTELLISTART.
lonisation is an important part for studying structures with IMS-MS tools. There is a broad

INTELLISTART"
i :
ANALYTE SPRAY LOCKMASS SPRAY
~ qd —— _STEP[WAVE TRIWAVE QuanTOF

I _HGHFELD —  joN DETECTION
| MIRR EN

J = n PUSHER

10N MOBILITY
QUADRUPOLE  »n SEPARATION o
— s - TRANSFER
: .

TRAP
—— gy

{ HELIUM CELL
B | [ P— 4l

ROTARY PUMP

Figure 1.3 — Waters SYNAPT G2-Si High Definition Mass Spectrometer scheme (via [18]).

range of methods available on the market to ionise particles: Electron lonisation, Thermospray,
Chemical lonisation, Atmospheric Pressure lonisation, ESI, etc. In 